The interplay of metal ions with polysaccharides is important for the immune recognition in the lung. Due to the localization of beryllium associated diseases to the lung, it is likely that beryllium carbohydrate complexesp lay av ital role for the development of berylliosis. Herein, we present a detailed study on the interaction of Be 2 + ions with fructose and glucose as well as simpler biomimetic ligands, which emulate binding motives of saccharides. Through NMR and IR spectroscopy as well as single-crystal X-ray diffraction, complemented by competition reactions we were able to determine ad istinctive trend in the binding affinity of these ligands. This suggests that under physiological conditions beryllium ions are only bound irreversibly in glycoproteins or polysaccharides if aq uasi ideal tetrahedral environment and k 4 -coordination is provided by the respective biomole-cule. Furthermore,L ewis acid induced conversions of the ligands and an extreme increasei nt he Brønstedt acidity of the present OH-groupsi mply that upon enclosure of Be 2 + , alterations may be induced by the metal ion in glycoproteins or polysaccharides. In addition the frequent formation of Be-O-heterocycles indicates that multinuclear beryllium compounds might be the actual trigger of berylliosis. This investigation on beryllium coordination chemistry was supplemented by binding studies of selected biomimetic ligands with Al 3 + ,Z n 2 + ,M g 2 + ,a nd Li + ,w hich revealed that none of these beryllium related ions was tetrahedrally coordinated under the give conditions. Therefore, studies on the metabolization of beryllium compounds cannot be performed with other hard cations as as ubstitute for the hazardous Be 2 + .
Introduction
Metal-induced immune reactions play an importantr ole in the body's defense against pathogens. For example aluminium compounds are added to vaccinations to increaset heir efficiency. [1, 2] Though, there is still little known on the mechanism of action. [3] [4] [5] Onlyi nt he last decade it was discoveredt hat the aluminium ion directly interacts with the major histocompatibility complex II (MHCII) on the surfaceo fd endriticc ells, which present antigens to T-cells. [6, 7] Thisr eceptor arbitrarily binds proteins within the body and then binds to the T-cell receptor. If af oreignp rotein is bound,a ni mmune response is triggered. Currentr esearch indicates that beryllium ions, which exhibit the same charget oi on radius ratio as Al 3 + ,a lso show ah igh affinity to the MHCII. The incorporation of Be 2 + into as elf-pep-tide bound to the MHCII leads to the recognition of this peptide as at hreat by T-cells. [8] [9] [10] However,i ti ss till unknown how and where the beryllium ions actually bind.
The MHCII is present on the surface of all antigen presenting cells throughout the body,s ince it is one of the fundamental immune recognition mechanisms. Indeed, beryllium associated diseases are known to be extremely lung specific. The socalled berylliosis causes the formation of granulomata, which are related to the beryllium-affected areas of the lung tissue. [11] [12] [13] [14] While recent research indicates that the formation of these granulomata is related to hypersensitized T-cells that bind to the MHCII of antigen presenting cells, [9, 10] this does not explain the localization to the lung. Yet, the immune recognition in the lung is also strongly dependent on the interaction of polysaccharides on the surface of pathogens with proteins in the lung. [15] These polysaccharides build up the outer layer of the cell membrane, the so-called glycocalyx. This pericellular matrixe ncapsulates also body-own cells and plays am ajor role for the correct interaction betweenT -cells and the MHC-receptors. [16, 17] Furthermore many processes relatedt ot he immune system-especially in the lung-are controlled by the interaction of glycanes with proteins,w hich are partly Ca 2 + dependent. [15, [17] [18] [19] [20] However,m uch is still unknown about the interaction of glycans,t heir co-factors, and the proteins of the immune system.D ue to the high oxophilicity of beryllium ions it is likelyt hat these bind strongly to polysaccharides and interferew ith the protein-carbohydrate interaction or replace Ca 2 + as ac o-factor andt hereby trigger an autoimmune reac-tion. [21] Thus, knowledge about the reactivity of beryllium compounds towards carbohydrates could provide data to evaluate the impact of beryllium on glycoproteinst hat are related to the MHCII and give valuablei nsights as to why beryllium associated diseases are selectively localized to the lung.
To the best of our knowledge there are no comprehensive studies about the interactions of beryllium and carbohydrates nor on appropriate model systems. As as trong Lewis acid, Be 2 + should show partly comparable reactivities to related hard cations, like Al 3 + or Cr 3 + and in contrast to Be, numerous studies have been published on the reactivity of these [22] [23] [24] [25] [26] and other Lewis acids [27] [28] [29] [30] towards saccharides. As ac onsequencewedecided to contribute to this field and study the reactivity of beryllium ions on carbohydrates and suitable model systems.
To understand the reactivity of sugarsw ith Be 2 + cations and to predict the coordination of Be 2 + cations inside oligo-and polysaccharides in vivo we performed experimentso ng lucose and fructosea sw ells as on simpler model systems that mimic the coordination sites of theset wo common carbohydrates. A summary of the employed model ligands and their relationt o the sugarsi sg iven in Figure 1 . Furthermore, we reactedB eCl 2related (pseudo) main-group metal chlorides (Li + ,M g 2 + ,A l 3 + and Zn 2 + )w ith selected model ligands for comparison. This revealed relations but also significant differences between some of the tested metal ions and answerst he long standing question if it is possible to emulate the coordination environment at the beryllium cation around other metal ions. Because if Be 2 + was substitutableb yo ther metal cations, researchers on the field of berylliosis could access al arger data base to evaluate the most likely binding sites for beryllium inside affected proteins under much safer conditions.
Beryllium compounds with cyclic diols
There are two mayorp roblems with the use of sugars as ligands in beryllium coordinationc hemistry.O nt he one hand they are insoluble in non-coordinating solvents, whereas the use of appropriate coordinating solvents, like water or methanol, leads to competition for coordination to the beryllium atom between solvent and ligands. Due to the lacko fb asic knowledge of the solutionc hemistryo fb eryllium compounds, [31] the resultingd issociation equilibriaa re hence too complicated for immediate interpretation. On the other hand, sugarso ffer variousc oordination sites and their NMR spectra show complex signal sets even withoutcoordination towards a metal cation.T hus ap rinciple understanding of the coordination behavior of simpler ligands towards Be 2 + had to be gained first. For this reasonp recedingi nvestigationsw ith cyclohexanediols and cyclopentanediols were conducted. Therefore, BeCl 2 was reactedw ith these simple cyclic diols in a1 :1 and a1:2 ratio in CDCl 3 .
While cis-1,2-cyclohexanediol (1a), cis-1,2-cyclopentanediol (1b), trans-1,2-cyclohexanediol (1c), and trans-1,2-cyclopentanediol( 1d)w ere used in their isomerically pure form, 1,3-cyclohexanediol( 1e)a nd 1,3-cyclopentanediol (1f)w ere only availablea sacis/trans mixture and had to be used without prior purification. When BeCl 2 was reactedw ith one equivalent of diols 1 in CDCl 3 in J. Young NMR tubes, we observed precipitation of colorless to yellow solids as shown in Figure S1 , Supporting Information. The amount as well as the consistency of these precipitates already pointedt owards differencesb etween the used diols. The highest amount of solid residue was obtained when cis-1,2-diols 1a and 1b were used, whereas trans-1,2-diols 1c and 1d showedt he least amount of precipitate. The reactionb etween BeCl 2 and 1,3-diols 1e and 1f,r espectively,r esulted in am ore dense and mucilaginous precipitate. Due to the considerable amount of precipitatethe recorded NMR spectra showedastrongl ine broadening and partly no signals, which made as ystematic evaluation of the obtained spectra impossible. In addition, the signals become more complexd ue to the coordination towards beryllium, because the mobility of the hexyl and pentyl rings, respectively is limitedbythe metal coordination and the protons become distereotopic. We, therefore, only discusst he chemical shifts of the CHOH-and the HO-protons,w hich show the most distinct coordination shift. For the CHOH nuclei we observed ad ownfield shift of Dd = 0.59 and0 .57 ppm for trans-1,2-diols 1c and 1d,r espectively,c omparedt ot he free diols, while the correspondingp rotons of cis-1,2-diols 1a and 1b are shifted downfield by Dd = 0.38 and 0.10 ppm, respectively.O nt he other hand, 1,3-diols 1e and 1f show no coordination shift. However,t he signal intensities for the cis standing 1,3-diols lowered significantly,l eadingt ot he assumption that cis-1,3-cyclohex- anediol and cis-1,3-cyclopentanediol, respectively,p recipitated while their corresponding trans standing diols stayed in solution. The same observation was made for the proton of the OH groups of the 1,3-diols. The respective OH NMR signals of the 1,2-diols 1a-d showt he same trend observed for their CHOH protons. While 1c and 1dshow ad ownfield shift of Dd = 6.04 and 6.20 ppm, the OH group of 1a is shiftedb y Dd = 4.98 ppm and 1b only by Dd = 0.83 ppm (see also Figures S12-S17, Supporting Information). In addition, we did not observe any signal in the 9 Be NMR spectra of the 1:1r eaction mixturesi nC DCl 3 ,w hich indicates that most of the formed beryllium compounds did precipitate and the signals of the beryllium nuclei that remained in solution undergo severe line broadening. When theses olutionsw ere stored for several weeks the precipitate of the 1b containing NMR tube recrystallized to yield colorless rod-shaped crystalso ft etra(k 2 -cis-cyclopentane-1-m 2 -olate-2-ol beryllium) tetrachloride (2a), the molecular structure of which is illustrated in Figure 2 .
We assume slow evolution of HCl occurs during the recrystallisation of the initial precipitate. Compound 2a features a heavily tilted eightfold Be-O ring that is built up of four [BeCl] + units each of which is coordinated by as ingle deprotonated cis-1,2-cyclopentanediol. These subunits are m 2 -bridged by the olate groups of the four mono-deprotonated cis-1,2-cyclopentanediol ligands. The Be-Cl atomic distances are 2.016(11) and 2.028(11) ,w hichi sl onger than those reported for m 2 -bridged olato complexest etrakis(m 2 -t-butoxy)-dichlorotri-beryllium [32] with 1.866(3) and 1.886(3) and aberyllium calixarene complex [33] with 1.943(3) and 1.946(3) .T he Be-O atomic distances within the eightfold Be-O ring range from 1.589(12)to1.610 (12) and are, therefore, longer than the corresponding distances in the t-butoxy beryllium compound [32] mentioned above but shorterthan those reported for the calixarene complex [33] and af ully deprotonated diol complex reported by Klüfers [34] with Be-O atomicd istances of 1.624(2) to 1.648 (2) .T he exocyclic Be-O atomic distances towards the hydroxy groups are 1.703(12)a nd 1.716 (13) ,w hich is longer comparedt o1 .6268 (12) reported fort he benzyla lcohol adduct towards BeCl 2 . [35] These longer distances suggestr ather high electron density at the beryllium atom. The IR spectrum of 2a reveals ab athochromic shift for the O-H stretching frequencyo f1 59 cm À1 and as ignificantly reduced band width compared to the free diol 1b indicating as mall weakeningo f the OÀHb ond.
When BeCl 2 was reactedw ith two equivalents of the respective diols 1 under identical conditions, we obtained similar amountso fp recipitate compared to the 1:1r eactions, which were in case of 1a, 1b,a nd 1e micro-crystalline. The NMR studies on these reactionm ixturesf ollow the trend of the previous reactions but with increased line broadening and signal intensity.T his suggestsh igher solubility of the formedc ompoundsa nd exchange on the NMR timescale between species in solution and the solid.A dditionally,as light increase in the downfield shift of around Dd = 0.1 ppm for the CHOH groups compared to the 1:1r eactions (see also the Supporting Information, Ta ble S4)w as observed. For 1a we find ab road signal for the OH group at d = 8.05 ppm, which is as ignificant increase compared to d = 7.17 ppm observed in the 1:1r eaction, whereas the other 1,2-diols did not showasignificant OH signal in the 1 HNMR spectra.T he latter is indicative for a severe weakening of the OÀHb ond strength, which leads to partial proton dissociation in solution.I nt he 13 CNMR spectra an increaseo ft he line broadening compared to the 1:1r eactions was observed, which is in line with the broader signals in the 1 HNMR spectra. Furthermore no signals were observed in the 9 Be NMR spectra.T oo vercome the solubility problems in non-coordinating solvents we moved to liquid SO 2 as weakly coordinating solvent. Sulfur dioxide has the advantage that it can coordinate towards anions via its sulfur atom, while the oxygen atoms are relatively bad ligatingsites. Thus, we reacted diols 1 with BeCl 2 in a2:1 ratio and initially received clear colorless solutions, from which colorless single crystals in nearly quantitative amountsw ere obtained within minutes in case of diols 1a,b,e.T he 1 HNMR spectra recorded directly after the startingm aterials had dissolved show several multiplets with immense line broadening and hydroxy protons that are shifted beyond d = 10 ppm and the 13 CNMR spectra shows everald iscrete species. We also observed singletsi nthe 9 Be NMRs pectra between d = 2a nd 4ppm that show medium line broadening in case of the 1,2-diols 1a-d,w hereas 1,3-diols 1e and 1f yielded narrows inglets. This chemical shift is in the typical region of fourfold coordinated berylliumn uclei. [36] Ther educed line width of the 1e or 1f containing solutionsc ompared to those containing 1a-d indicates less exchange between the ligands and, therefore, am ore stable species. According to the chemicals hifts and line shape of the singlets, we assume that Be 2 + cationsa re present in solution,w hich are tetrahedrally coordinated by diols 1,ase xpected.
After the NMR spectra were measured the solvent was removed in vacuo. To do this, the tubes had to be cooled, which led to the bursting of the crystals. The IR spectra of the dry residues did show bathochromic shifts for the O-H stretching frequencies of around 700 to 900 cm À1 and increased band broadening, which is considerably larger than in compound 2a. The large bathochromic shifts indicate as ignificant weakening of the OÀHb ond due to the coordination towards Be 2 + and that all investigatedd iols are equallya ffected. These observations coincide with those from 1 HNMR spectroscopy regarding the hydroxy protons.
Since the single-crystals obtained by the use of 1a,b,e burst when the SO 2 was cooled or the pressure wasr eleased, we altered the reaction conditions. Substitution of BeCl 2 through BeBr 2 led to the same amount of single crystalsw ithin hours that now resistedt he necessary temperature change to À78 8C during preparation for the X-ray structure analysis. For 1a we obtainedb is(k 2 -cis-1,2-cyclohexanediol)beryllium(II)b romide·2 SO 2 (3a)w hich crystallizes in the orthorhombic space group Pbam. Compound 3a features a[ Be(1a) 2 ] 2 + cation (4a)t hat is surrounded by four bromide anionst hat are interacting throughh ydrogen bondsw ith the hydroxy groups.W hile no hydrogen bonds are formed to the surrounding solvate SO 2 molecules, the sulphur atoms of which show interactions to nearbyb romide anionst of orm one-dimensionalB r-SO 2 chains with Br-S atomic distances of 3.217(1) and 3.219(1) .T hese are larger than comparable Br-SO 2 distances in NEt 4 Br·SO 2 [37] (3.0942(6) and 3.1161 (7) )o r[ N(CH 3 ) 3 (C 16 H 33 )]Br·SO 2 [38] (2.992 (5) ). Cation 4a,w hichi si llustrated in Figure 3 , shows disordered diol ligands in which the hydroxy groups change from axial to equatorial conformation in the cyclohexane and vice versa similar to ap uckering hexose.
The Be 2 + is coordinated tetrahedrally by four hydroxy groups with Be-O atomic distances of 1.562(3) (eq. OH group) and 1.693(3) (ax.O Hg roup). This significant variance in bond length is also observed in k 2 -inositol complexes of Pr and Nd for which the axial hydroxy groupsa lso tend to have a larger distance to the metal centerc ompared to the equatorial hydroxy group. An inverse trend is reported for k 3 -1,2,3-cyclohexanetriol complexes instead. [39] The Be-O ax. atomic distance in 4a is slightly larger but comparable with those of the deprotonated hydroxy group of 2a or anionic complexes Na 2 [Be(O 3 C 5 H 6 ) 2 ] [34] (1.6235(23) to 1.6477 (22) )a nd Na 2 [Be(O 2 C 6 H 4 ) 2 ] [40] (1.6317(62) to 1.6492(59) ), while the Be-O eq. atomic distance in 4a is significantly shorter.T his indicates comparable ligating properties of neutral hydoxy and anionic olate oxygen atoms.
In the case of diol 1b,t he formed crystals burst upon cooling. However,a fter the SO 2 was removed in vacuo the obtained microcrystalline powder could be recrystallizedf rom CH 2 Cl 2 to give crystals of bis(k 2 -cis-1,2-cyclopentanediol)beryllium(II) bromide·CH 2 Cl 2 (3b)i nt he monoclinic space group P2 1 /c. Compound 3b features a[ Be(1b) 2 ] 2 + cation (4b), which is depicted in Figure 3 . It is surrounded by four bromide anions as in 4a.T he hydroxy groups of 4b show Be-O atomic distances that range from 1.588(9) to 1.618 (9) which is comparable to the Be-O eq. distance in 4a but vastly shorter than those in 2a.T he short distances can be explained throught he cationic nature of the complex ion. The resulting electron deficiency at the Be centern eeds to be compensated through stronger electron transfer from the O-ligands,w hich leads to contraction of the BeÀOb ond length.
The reaction of 1e and BeBr 2 in SO 2 yieldeds ingle crystals of bis(k 2 -cis-1,3-cyclohexanediol)beryllium(II) bromide·3SO 2 (3c) that crystallizes in the monoclinic space group P2 1 2 1 2. Compound 3c features a[ Be(1e) 2 ] 2 + cation (4c)s imilar to 4a and 4b.C ompound 4c is surrounded by four bromide anionsl ike 4a.T he bromide anions form hydrogenb onds to two 4c cations each and do not show as ignificant interaction towards the solvate SO 2 molecules.Compound 4c does not show puckering like 4a and its hydroxy groups are both in an axial conformation,which is illustrated in Figure 3 . The Be-O atomic distances are with 1.596(10) and 1.627(11) shorter compared to the anionic complexes mentioned above and in between those of 4a butshow large standard deviations due to the low quality of the obtained data. The O-Be-O bite angle is 103.9(9)8,w hich is significantly larger than the corresponding angles of 4a (95.5(2)8), 4b (92.9(5)-94.6(5)8), and 2a (95.3(6)-97.1(6)8). The less strained O-Be-O angle of 4c gets in the range of the ideal tetrahedral angle and supportst he better ligating properties of 1,3-diols compared to the 1,2-diols, which were also deducted from the NMR spectroscopic data. Ap lausible pathway for the formation of 2a and 3b is given in Scheme1.
While we were able to obtain the crystalline compounds 3a-c and 2a,a ttempts to obtain crystal for Be complexes with trans-diols 1c,d failed. We assumet his is caused by the coordination geometry that is dictated by the hydroxy groups of the trans-diols. Since trans-diols tend to build up nontetrahedral coordination polyhedra aroundm etal cations with reported bite angles of 79.6-81.78, [41, 42] whicha re unlikely to be realized aroundt he small Be 2 + cation, whichi sr arely found in nontetrahedralc oordination environments. Accordingly, the resulting To determine which of the diols 1 binds best to beryllium we carriedo ut competition reactions between the 1,2-diols. Therefore, we reacted BeCl 2 with two different 1,2-diols in a 1:2:2r atio in CDCl 3 and obtained clear colorlesss olutions without any precipitate.T he obtained 1 HNMR spectra revealed a clear trend in whicht he CHOH protono ft he preferred diol was shifted between Dd = 0.3 and 0.5 ppm downfield while the correspondingp roton of the competing diol was only shifted by about Dd = 0.1 ppm (see also the Supporting Information, Table S6 ). When two equivalents of cis-1,2-pentanediole (1b)c ompete with two equivalents trans-1,2-pentanediole (1d)o rcis-1,2-hexanediole (1a), respectively,f or BeCl 2 , 1b shows the highest coordination shift in the 1 HNMR spectra, indicating that it hasagreater affinity for ac oordination towards Be 2 + .A ccordingly, 1a shows ah igher tendency to coordinate towards BeCl 2 than trans-1,2-hexanediole (1c)w hen both are reactedi nt he same way.
Based on theser esults we can devise ac lear trend for the beryllium binding capabilities of the different diol geometries. The least stable compounds are formed with the trans-1,3diols. These show no coordination tendencies, which is presumably caused by the large distance between the OH-groups. Therefore, the small Be cation is not able to bind to both oxygen atoms of one ligand.T he trans-1,2-diols are slightly better ligandsa nd there is some indication that these can act as chelators for Be 2 + .H owever the smallb ite angle resultsi n coordination environments around the beryllium atom that differ significantly from the preferred tetrahedral one. Thus, the formed complexes exhibit vivid ligand dissociation processes in solution. cis-1,2-diols form stable complex cations with Be 2 + ,h owever,t he bond angles aroundt he Be atom are still below 1008.T he competition reactions suggest that cis-1,2-cyclohexanediole (1a)i si nferior to cis-1,2-cyclopentanediole (1b). This is presumably caused by the larger bite angle of the latter,w hich resultsi nl ess ring strain when coordinated to beryllium. It is evident from the low solubility,t he absence of ligand dissociation equilibria and the quasi tetrahedral bond angles around Be in complexes with cis-1,3-diols that this is the ligand geometry,w hich provides the most stable beryllium complexes.W ed educt that sugars and polysaccharide with cis standingO H-groups in 1,3-position are the most likely binding sites for Be 2 + .
Besides the relative binding affinity among the diols, the competitiveness of them against water is ak ey aspectt od iscuss. When the diols were added to an aqueous BeCl 2 solution, we only observed as inglet assigned to [Be(H 2 O) 4 ] 2 + in the 9 Be NMR spectra and the 1 Ha nd 13 CNMR spectra revealed that the diols are not affected by Be 2 + .T his leads to the conclusion that the diols are not capable to successfully competewith the large excesso fH 2 Ol igands for beryllium coordination. Therefore, it is unlikely that hydrated beryllium cationsa re captured by carbohydrates under physiological conditions, if only two OH-groups of the carbohydrate are accessible for coordination.
Coordination of tetrahydropyranols and -furanols towards beryllium ions
Besidesc oordinating hydroxy groups thata re bound to the pentyl and hexyl ring, respectively,c arbohydrates feature at erminal CH 2 OH group as well as an aldehyde/hemiacetal function. We have already reported on the reactions of beryllium halidesw ith av ariety of basic aldehydes, which led partly to polymerisation or degradation of the latter. [43] To transfer our results regarding thesea ldehydes towards carbohydrates, we reactedas imple hemiacetalw ith BeCl 2 and compared the results. If BeCl 2 is reacted 1:1o r1 :2 witht etrahydro-2H-pyran-2ol (5a)i nn on-coordinating solvents, like chloroform, at ambient temperatures, BeCl 2 is not dissolved immediately. However, ac olorless to yellowish suspension is obtained.W ithin two hours the suspensiont urns via brown to nearly black and an amorphous brown precipitatef ormed around the BeCl 2 .N MRmonitored experiments revealed af ast degradation of 5a into unknown polymerics pecies, which match our findings regarding simple aldehydes like isobutyraldehyde. [43] Because of the fast decomposition of 5a we did not perform further experiments with similar hemiacetals. Instead we investigated the potentialc oordination of BeCl 2 by the terminal CH 2 OH and the ether group. For this reason tetrahydro-2H-pyran-2-ylmethanol (5b)w as reactedu nder the same conditions as 5a with BeCl 2 . The starting materials dissolved immediatelya nd gave ac lear colorless solution that remained stable for severalw eeks. The recorded NMR spectra ( Figures S18 and S23 , Supporting Information) show,i na ddition to the signals of 5b,t he appearance of an ew signal set in case of the 1:1r eactionm ixture and increasedl ine broadening when as econd equivalent 5b is present in solution. The large amount of signals in the 13 CNMR spectra of the 1:1r eaction mixture indicates the presence of a variety of distinct species. In the 2:1r eaction mixture the signals in the 13 CNMR spectrums howedi ncreasedl ine broadening, which leads to the assumption that exchange on the NMR timescale takes place between the observed species. In the 9 Be NMR spectra the observed singlet at d = 3.0 ppm (w 1/2 = 31.2 Hz) speaks for at etrahedrally coordinated species in the 1:1r eactionm ixture. In the 2:1m ixture as econd singlet emerged at d = 4.1 ppm (w 1/2 = 11.9 Hz). The reduction of line width indicatesacompound with higher symmetry in solution, Scheme1.Formation of 2a and 3b through reaction of BeCl 2 with one or two equivalents of 1b.
while the chemical shift range of both signals suggests fourfold coordination.The 1:1C DCl 3 solution was diluted with pentane by gas-phase diffusion to obtain colorless needle-shaped crystalso ft etra(k 2 -tetrahydro-2H-pyran-2-yl-m 2 -methanolate beryllium) tetrachloride (2b)t hat crystallizes in the tetragonal space group P4 2 1 c. For the 2:1s olution, the same procedure yielded colorless oil droplets that separated from the solution. The molecular structure of 2b in the solid state is illustrated in Figure 4 .
Similar to compound 2a an eight-memberedB e-O ring is formed through the cleavage of HCl and the subsequent coordination of BeCl + by the deprotonated hydroxy group. The tetrahedral coordination spherea round the beryllium atom is completed by the ether oxygen atom insteado ft he additional hydroxy group in 2a.W ithin the hexyl rings ad isorder is present similart ot hose mentioned before. In direct comparison to compound 2a,t he BeÀOa tomicd istances of the deprotonated hydroxy groups as well as the BeÀCl atomicd istances and the O-Be-O bite angles are within the standard deviation identical (see Ta ble 1). Also the Be-O atomicd istance to the etheric oxygen atom (1.681 (7) )e quals that of the corresponding Be-Oh ydroxy distance in 2a.T herefore, compound 2a and 2b are very similar to each other althought heir ligandsa re fundamentally different. Additionally,t he structure of 2b clearly revealed that, within the same ligand, hydroxy groupsare superior binding sites for Be 2 + compared to ether oxygen atoms. Due to the high solubility of the formed compounds we assume that noncharged compounds are presenti ns olution. In accordance to the formation of compound 2a andc ations 4 we propose the complexation of BeCl 2 by 2b takes place as depicted in Scheme 2. Initiallyo ne ligand coordinates to BeCl 2 under the formation of dichloro compound 6a.T his species slowly reacts under HCl evolution to the tetranuclearc omplex 2b,w hile the presence of an additional equivalent of 5b leads to the formation of neutral compound 7a.
To translate the functionality of 5b into am ore fructose-like system we preformed analogous experimentsw ith tetrahydrofuran-2-ylmethanol (5c). Here, we obtained aclear colorless solution when BeCl 2 and 5c were reactedi nC DCl 3 .W hereas the 9 Be NMR spectra are nearly identicalt ot hose recorded for 5b and the 1 Ha nd 13 CNMR spectra showt he same behaviora s described for 5b,w ew ere not able to obtain single crystals from the reaction solution.E very attempt to obtain the analogous compound to 2b-tetra(k 2 -tetrahydrofuran-2-yl-m 2 -methanolate beryllium) tetrachloride (2c)-ended in the formation of ac lear colorless oil, that did not dissolve in nonpolar solvents like benzene or pentane. The comparison of the IR spectra of the obtained oil of 2c and the crystallinep owder of 2b reveals that the O-H stretching frequencyo f2b experiences a bathochromic shift of 794 cm À1 and shows immense line broadening. As imilar shift of 810 cm À1 is also observedf or supposed compound 2c but with an additional more intense band that is only shiftedb y1 86 cm À1 to lower wave numbers compared to 5c.This might indicate that 5c and 5b form similar complexes with Be 2 + .
To determinet he relative bindinga ffinities competition reactions were carriedo ut between two equivalents of tetrahydro- 2b -1.592(7); 1.620 (7) 2.000 (6) 13 CNMR spectra broadening of the signals of both ligands was observed as well as coordination shifts. The broadening and shift change are similarf or 5b and 5c,s uggesting comparable binding properties towards Be 2 + .T his is not surprising since the bite angle, steric demanda nd electron density of both ligands is practically identical. Reactions of 5b or 5c with BeCl 2 and either cis-1,2-cyclohexanediol (1a)o r cis-1,2-cyclopentanediol (1b)i na2:1:2r atio reveals that exclusively the signals of the diols are broadened and shifted. This provest hat the cis-1,2-diols are superior ligandsf or Be 2 + .T herefore, the coordination strength of these furanyl andp yranyl alcohols rank in between cyclic cis-a nd trans-1,2-diols. Hence it is very unlikely that beryllium ions bind to the oxygen atom of the glycosidicb ond in polysaccharides, considering the abundance of OH groups available for coordination.
Beryllium compounds with cis,cis-1,3,5-cyclohexanetriol
Because bidentate diols provedt ob ei nsufficient chelators for Be 2 + to compete with water,w et ested at ridentate cyclic triol for am ore advanced pictureo fapossible coordination towards carbohydrates. So we reacted cis,cis-1,3,5-cyclohexanetriol (8)w ith BeCl 2 ,t oo btain information how k 3 -coordination towardsb eryllium can be achieved. The insolubility of 8 and BeCl 2 in the previously used solvents (CDCl 3 ,C D 2 Cl 2 and SO 2 ) led to no reaction.H ence we had to resort to coordinating solvents, like methanol, DMF and water,w ith which we obtained colorless clear solutions. In the 1 Ha nd 13 CNMR spectra of the aqueous and methanolicr eactionsolutionswed id not observe any coordination shifts for the OH nor the CHOH protons and the 9 Be NMR spectra indicated tetrahedral coordination solely by solventm olecules aroundt he beryllium nuclei. This is supported by the fact that when the solvents were removed in vacuo only free 8 recrystallized. However, the 1 Ha nd 13 CNMR spectra of the DMF solutions revealed ac oordination shifta nd broadening of the OH signal and the 9 Be NMR spectrum showedasignal at d = 2.1 ppm, whichi sd ifferent to the signal set observed for neat BeCl 2 dissolved in DMF.W e, therefore, assume that dicationic species 9a is formed (Scheme 3). Though we were not able to isolate this compound nor obtain single crystals. Since deprotonation occurred with someo ft he above mentioned bidentate ligands, we tried to enforce this reactivity in 9a by heatingt he reactionsolution.However, even upon heating the reactions olution for several days at 180 8C, we did not observe ac hange in the NMR spectra. Only after the addition of beryllium metal and heatingt o1 80 8Ci nasealed tubew e did observe the emergence of an ew NMR signal set and after one hour ac olorlessp recipitate was obtained. We attempted to measure the NMR spectrao ft his residueb yr edissolving it in SO 2 .H owever,a ss oon as the precipitate came into contact with liquid SO 2 ,c olorless single crystals grew on top of it. When the SO 2 was removed by opening the valve of the reaction vessel, the crystalsr emained stable and could be analyzed by X-ray diffraction. These crystals comprise of tris(k 3 -cis,cis-1,3hydroxy-m 2 -5-olate-cyclohexaneb eryllium) trichloride·3SO 2 (9b) and crystallizei nt he orthorhombics pace group Pbca. The compound features aB e-O six-membered heterocycle with k 3coordinated Be 2 + cations. All Be atomsi n9b have the same coordination environment. Each Be atom is k 3 -coordinatedb y as ingle deprotonated 8 ligand, the m 2 -olate groupso fw hich build up the heterocycle by completion of the tetrahedral coordination sphere of an eighboring Be atom.T he resulting complex cation is illustrated in Figure5.
Heating of 9b in DMF at 110 8Cf or ap rolonged time leads to the formation of colorless single crystals of bis(N,N-dimethylformamide-m 2 -hydroxido-k 3 -cis,cis-1,3-hydroxy-m 2 -5-olate-cyclohexane-k 3 -cis,cis-1-hydroxy-m 2 -3,5-di-olate-cyclohexane triberyllium) tetrachloride·3.5 DMF( 9c)i nt he triclinic space group P1 the molecular structure of which is shown in Figure5.T he unexpected structure of complex 9c can be described as two Be-O six-memberedr ings, identical in their coordination, which are bridged by two olat groups from two different 8 ligands to form an eight-membered Be-O-heterocycle. As imilar structuralm otive has already been observedf or Be glycolate complexes. [44] Each of the beryllium atoms within the six-membered ring has ad ifferentc oordination environment. The first of the Be atoms is k 3 -coordinatedb yadoubly deprotonated 8 ligand,t he two deprotonated m 2 -olate groupso fw hich coordinate towards two other Be atoms. The tetrahedral coordination sphere around the first Be atom is then completed by a m 2 -hydroxide anion that binds to the second Be atom, that is, k 1 -coordinated tetrahedrally by the doubly deprotonated 8 ligand of the second six-membered ring, an oxygen atom of aD MF Scheme3.Reactionof8 with BeCl 2 andBei nD MF to yield 9b and 9c.
Chem.E ur.J.2019, 25,16257 -16269 www.chemeurj.org molecule and the m 2 -olate groups of as ingly deprotonated 8 ligand,t hat binds k 3 towards the third Be atom, which is not part of the eight-membered Be-O-heterocycle. It is also coordinated by the m 2 -olate group of the doublyd eprotonated 8 ligand to complete the six-membered ring. The Be-O atomic distances towards the hydroxy groups range from 1.679(3) to 1.692 (2) .T hese distances are significantly longerc ompared to the diol complexes 4a-c and correspond best to those of the axial hydroxy groups of the cyclohexyl rings of 4a and 4c as expected. TheB e-O atomic distances towards the m 2 -olate groups (1.554(2)-1.633(2) )a re comparable to the corresponding distances in 2a.T he Be-O atomic distances towards the hydroxide anions( 1.561(3) and 1.600(2) )f it into those of the olate groups as well. The O-Be-Ob ite anglesi n9c (100.4(1)-107.6(1)8)t end to be larger than those in the diol complexes anda pproach the ideal tetrahedron angle. The origin of the hydroxide anions is unclear,s ince we assume that all manipulations were performed under the strict exclusion of water.F urthermore, the large amount of 9c obtainedo pposes introduction of H 2 Ot hrough al eak of the reaction vessel. Therefore, we assumet hat water was generatedb yd ehydration of 8.F urther spectroscopic investigationsw ere constrained to IR spectroscopy as 9c is insoluble in anhydrous solvents. As expected the OÀHs tretching frequency is shifted to lower wave numbers. The bathochromic shift of roughly5 00 cm À1 is lower than those observed for the diol-complexes. Furthermore, the significant carbonyl band of the DMF ligand is visible at 1665 cm À1 as well as ah ydroxide band at 3302 cm À1 .T he unexpected structure of 9c clearly shows that even unusual motifs are formed to preserve the tetrahedral coordination environmentaround the beryllium atom.
Compared to 9c, 9b showss horter Be-O atomicd istances towardst he hydroxy groups (1.653(4)-1.672(4) )a sw ell as shorterB e-O atomic distances towards the m 2 -olate groups (1.559(4)-1.605 (4) ). This indicates as tronger interaction between the ligands and Be 2 + ,w hich is plausible since there are neither DMF molecules nor hydroxide ligands presentt oc ompete. Ac omparison of the ligand bite angles to 9c reveals nearly identicalv alues of 99.1(2)t o1 07.8(2)8.T he O-Be-O angles within the heterocycle of 9b range from 112.0(2) to 114.5(2)8.T hisl ittle deviation from 109.478 indicates as table coordination around the Be 2 + cation. The stabilityo f9c and 9b is further provenw hen both compounds are exposed to air.S ingle crystals of both compound were stable for hours under immersion oil, while those of 3a-c and 2a readily liquified within several minutes. The stabilityof9b at ambient temperatureh as been unexpected in the sense that it is an SO 2 solvate. However,t he SO 2 molecules are heavily disordered in the crystal structure. Wea ssume that the formation of the complexes 9b and 9c is the result of the deprotonation of 8 and subsequent cleavage of HCl. Although the reactione quilibriumi so nt he side of the starting material 9a.O nly the use of beryllium metal as aH Cl scavenger shifts the equilibrium towards 9b and 9c that features single-and double-deprotonated 8 ligandsa nd in the latter compound also hydroxide anions. This indicates that compounds 9c and 9b are basic and not stable in the rathera cidic environment that is set up by the starting materials.
Although the k 3 -coordination to anionic ligandsa round the beryllium provides rather stable compounds, we doubt that this plays am ajor role in relationt om onomeric sugars in the body,a st hese compounds are rather basic and the non-deprotonated triol 8 is not capable to compete with al arge excess of methanolo rH 2 O. However, it seems very likely that in a polysaccharide or glycoprotein a k 3 -coordinationt oo ne saccharide segmentc omplemented by coordination of an additional O-donors ite, which facilitates tetrahedral coordination aroundt he beryllium atom, is able to irreversibly bind Be 2 + ions.
Action of beryllium ions towards sugars
To test our results regarding the reactivity of BeCl 2 towards the investigated model ligandsf or glucose and fructose, respectively,w er eactedB eCl 2 with these two carbohydratesi nn oncoordinating as well as coordinatings olvents. When BeCl 2 is mixed with glucoseo rf ructose in non-coordinating solvents like CDCl 3 or CD 2 Cl 2 noneofthe reactants dissolvs and no obvious reactiono ccurs at ambient temperature. When these mixtures were heated under reflux for severalminutes, the starting materials turned brownish, indicating the decomposition of the sugars. To double check if this decomposition is beryllium related, glucose and fructose,r espectively were heated in CDCl 3 as well as in CD 2 Cl 2 without BeCl 2 and no color change was observed. In acetonitrile BeCl 2 dissolvedw hile the sugars did not and within three days of storage the sugars turned into abrownish oil. When DMF was used, the starting materials dissolve readily andt he solution turn brownish within several days at ambient temperature. In contrast to that, the sugars are stable in aqueous BeCl 2 solution for weeks. However the 9 Be NMR spectra only showed the signalo f[ Be(OH 2 ) 4 ] 2 + .A s neither glucose nor fructose seemed stable in the presence of BeCl 2 in anhydrous solvents, we guess that aL ewis acid catalyzed dehydration reaction occurs. The reactioni sw elld escribed for related Lewis acids like AlCl 3 or CrCl 3 ,w hich catalyze the formation of hydroxymethylfurfural (HMF) and its subsequent degradation to levulinic acid or humins. [22, [26] [27] [28] [29] The latter appears to be the main product in case of BeCl 2 ,s ince all experiments ended up in brownish suspensions. However,a ttempts to obtain aH MF-Be complex directly from HMF and BeCl 2 also failed, since the reaction solution rapidly turned into ab rownish suspension as well.
To prevent the decomposition of glucose by beryllium but still obtain ap ossible coordination compound, a-d-methylglucoside was used instead. Since this molecule has no open chain isomer like glucose, it cannot expose an aldehyde function to BeCl 2 .Again we were forced to use DMF to dissolve the startingmaterials. The solutions howed no signs of decomposition for several weeks, remained clear and colorless, and the NMR spectra were similar to those of the corresponding experiment with 8.H owever if the solvent is heated, decomposition occurs above approximately 50 8C(Scheme4).
These results furthers upport our assumptiont hat monosaccharides do not play an important role for Be 2 + coordination in the body. Furthermore, the beryllium-induced decomposition at elevated temperature suggestst hat upon inclusion of the Be 2 + ion inside ag lycoprotein or polysaccharide Lewis acid induced alterations of the bio-molecules can occur.
Coordination modes at beryllium related metals
To put the obtained results in relation and to evaluatet ow hat extent the Be 2 + ion is comparable to relatedm etal cationsl ike Li + ,M g 2 + ,A l 3 + ,a nd Zn 2 + ,w ec arriedo ut as et of experiments with these and the cis-1,2-diols 1a and 1b.F or this purpose, two equivalents 1a or 1b were reactedw ith one equivalent metal chloride in CDCl 3 .T he resulting reactions olutionsd iffered not only in relation to those obtained for BeCl 2 but also in relation to each other.F or LiCl and ZnCl 2 we obtained nearly no precipitates while MgCl 2 yields av oluminous precipitate. In case of AlCl 3 ,t he solutions solidified into ag el, which was subsequently filtered by means of as peciallyd esigned adapter from one J. Young NMR tube into another,w hich is illustrated in Figure S2 , Supporting Information. The filtered Al 3 + -solutions showed signals of free ligand in the case of 1a with nearly no intensity while for the solution of 1b no signals were observed in the NMR spectra. The separated precipitates were amorphous which was determinedbyp owder X-ray diffraction. For the other metal chlorides the NMR experimentsw ere performed without prior filtration.T he received 1 Ha nd 13 CNMR spectra are shown in Figures S41-S44 , Supporting Information. In the 1 HNMR spectra, we observe am uch smaller impact on the protons due to coordinationt ot he metal chlorides compared to BeCl 2 (see also the Supporting Information, Ta bleS6). The largest downfield shifts were observedf or MgCl 2 while ZnCl 2 showed almostn oi nfluence on the diols. The NMR spectra of the solutions containing beryllium related metal chlorides also showed basically no line broadening compared to the corresponding solutions of BeCl 2 .A dditionally,w ed id not observe any influence on the diol carbon nuclei in the 13 CNMR spectra,w hen beryllium related metal chlorides were present.
To get ab etter understanding of the influence of LiCl, MgCl 2 ,A lCl 3 ,a nd ZnCl 2 on the hydroxy groups of the tested diols 1a and 1b comparedt oB eCl 2 ,t he solvent was removed in vacuo from the reaction solutionsa nd the obtained solids were analyzedb yI Rs pectroscopy.F or Al 3 + we used the prior separated precipitates. The obtainedI Rs pectra are illustrated in FiguresS64 and S65, Supporting Information. The results correlate wellw itht he chemical shifts observed in the 1 HNMR spectra.W hile LiCl and ZnCl 2 have little influence on the hydroxy groups,M gCl 2 induces an oticeable bathochromic shift of the OÀHs tretching frequency,w hile the bathochromic shift of this band in the Al 3 + -containing compound even exceeds that of the corresponding Be 2 + compound by nearly 100 cm À1 . It shows also stronger line broadening comparedt ot he corresponding spectrum with BeCl 2 ,i ndicating the formation of some kind of coordination polymer,w hich correlates with the observed formation of gels. Quintessentially Zn 2 + and Li + show the least similarity to Be 2 + ,w hereas Al 3 + is the most comparable to Be 2 + among the tested metal cations. This is expected due to the similar charge to ionr adius ratio of the latter two metal ions as described by their diagonal relationship in the periodic table. However these findings enable only comparison of the relative charget or adius ratio of the ions and do not take into account that the coordinations phere aroundt he metal cations mayd iffer,w hich is at remendous factor when it comest oc omplexation inside an active site of an enzyme or other large biomolecules. Therefore, attempts have been made to obtain single-crystals tructures of all tested metal chlorides under similar conditions to comparet heir preferred coordination environments.
In case of LiCl, the previously studied reaction solution of 1b yielded singlec rystals of bis(k 2 -cis-1-m 2 -hydroxy-2-hydroxycyclopentanediol)bis(k 2 -cis-1,2-cyclopentanediol)dilithium di-chloride·cis-1,2-cyclopentanediol (10 a)a fter two weeks of storage at ambient temperature. Compound 10 a crystallizes as colorless columns in the triclinic space group P1 .I ts formation is illustrated in Scheme 5.
Compound 10 a features two Li atoms that are m 2 -bridged by two hydroxy groups of two 1b ligands to form af our-membered Li-O ring ( Figure 6 ). The bridging diols bind k 2 to one lithium atomse ach anda nother 1b binds to each Li atom to complete the distorted trigonal bipyramidal coordination sphere around the lithium atoms. The same structure motive is reportedf or germanium as central atoms. [45] However,i nt he case of Ge 4 + the diol ligands are fully deprotonated, whereas in 10 a none of the hydroxy groups are deprotonated. The Li-Oa tomicd istances to the terminal diol are 1.946(3) and 2.016(3) and those within the fourfold heterocycle are 2.074(3) and 2.169(3) ,w hich is significantly larger.T hese values are, therefore, much larger than those found in 2a and 3b.C onsequently,t he O-Li-O bite angles are significantly smaller than those in 2a and 3b.
In case of ZnCl 2 the prior obtainedp recipitates were recrystallized from CDCl 3 at ambient temperature within af ew days to yield block-shaped crystalso ft ris(k 2 -cis-1,2-cyclopentanediol)zinc tetrachloridozincate (10 b,F igure 6, Scheme 5) in the monoclinic space group P2 1 /n. Here the ZnCl 2 selfionizes into a [ZnCl 4 ] 2À anion and aZ n 2 + cation that is octahedrally coordinated by the hydroxy groups of three 1b ligands. The Zn-O atomic distances in 10 b range from 2.058(2) to 2.117 (2) , which are similar to those in 10 a.A lso the O-Zn-Ob ite angles of 76.4(1)-77.8(1)8 match those of 10 a.T he [Zn(1b) 3 ] 2 + cations are interconnected by the zincate anions through hydrogen bonds.
While we were able to obtain single crystals of 10 a and 10 b in an on-coordinating solvent, we had to use coordinating solvents to recrystallize the precipitates obtained for MgCl 2 and AlCl 3 ,w hich is indicative for the presence of coordination polymers or highly charged species. Unlike for BeCl 2 and BeBr 2 , respectively,t he use of SO 2 did not work. For the magnesium compound the use of DMF was necessary to obtain severalm illimeter long plate-shaped crystalso fb is(k 2cis-1,2-cyclopentanediol)bis(dimethylformamide)magnesium dichloride( 10 c,F igure 6, Scheme6), which crystallizes in the monoclinic space group P2 1 /n. Unlike the other cationic species obtained with 1b,c ompound 10 c is coordinated by ligands other than 1b.I n10 c the Mg atom is octahedrally coordinated by four oxygen atoms of two 1b and two dimethylfor- is larger than the bite angles of the diols. This maye xplain why the coordination throughathird diol is not favored over the DMF molecules, since the smaller bite angle would put more strain into the octahedral coordination environment aroundthe Mg 2 + cation.
In case of AlCl 3 we were not able to obtain crystalline compounds with 1b in av ariety of solvents and we alwayse nded up with amorphous solids.T he use of 1a as the ligand in THF as the coordinating solventy ieldedn eedle-shaped single crystals of bis(k 2 -cis-1-m 2 -olate-2-hydroxy-cyclopentane)dialuminium tetrachloride·2THF (10 d,F igure 6, Scheme 7), whichc rystallizes in the monoclinic space group P21/c. Compound 10 d features two Al 3 + cations that are linked through two deprotonated hydroxy groups of 1a to form af ourfold Al-O heterocycle comparable to that of 10 a.T he second hydroxy group of the two coordinating diols remains protonated.I nc ontrast to the other beryllium related metal chlorides, AlCl 3 does not form ac ationic species under the dissociation of Cl ions, but two Cl atoms remain bound to each Al atom to complete the distortedt rigonal bipyramidal coordinations phere around it. The cleavage of HCl duringt he formation of 10 d is similar to 2a and is evidencef or the similarc harget or adius ratio of the two metal ions. The Al-O atomicd istance to the hydroxy group is 1.938(3) ,w hile the corresponding distance to the deprotonated OH group is 1.835(3) ,w hich are both significantly longer than the corresponding distances in the beryllium compounds. The O-Al-O bite angles (81.0(1)8)a re also not comparable with those of 3 or 2a and behave more like those of the other metal chlorides. However, the comparison between 10 d and relatedd inuclearb is(k 2 -1-m 2 -olate-2-hydroxy-3methylcyclohexane)dialuminium tetrachloride shows great similarity, [46] since not only the atomicd istances are similar, but also the coordination of the crystal THF molecules are identical, that bind through hydrogen bondingt ot he hydroxy groups.A lthough AlCl 3 is the most comparable metal halide to BeCl 2 ,i tw as not possible to obtain analogous compounds to those obtained for BeCl 2 .
To put it in an utshell,i ti sn ot possible to mimic the coordination environment around the Be 2 + cation with the tested metal chlorides under the employed conditions. We, therefore, assumet hat it is not feasible to substitute beryllium with related metalsw hen bondingm odes are investigated in restrained coordination environments, like in active sites or large chelate ligands.
Conclusions
It has been shown that glucose and fructose are decomposed by BeCl 2 under anhydrous conditions into various humins. Through the use of a-d-methylglucoside we were able to limit the cause of the degradation to the aldehyde/hemiacetal function. However,n oc orresponding complex could be obtained with beryllium, to determine ap ossible coordination within a carbohydrate. To mimic possible binding sites, various cyclic diols 1,t riol 8 as well as furanyl 5c and pyranyl 5b alcohols were reacted with BeCl 2 .T hereby single crystals of diol complexes 3a-c and 2a as well as of compounds 2b, 9b,a nd 9c were isolated. Competition experiments revealed ad istinct trend in the relative binding affinity towards beryllium among the tested ligands, leaving tridentate 8 as the most potent ligand followed by cis-1,3-diols, while the trans-diols seem to form no stable complexes. This trend is compiled in Scheme 8. From reactions in water it is obvious that neither k 2 -n or k 3chelation is sufficient to compete against ah uge excess of H 2 O molecules. Therefore, it is unlikely that monosaccharides in solution play ar ole in beryllium ionb inding in the body.H owever in view of the large increase in complexs tability from k 2 -t o k 3 -coordination it seems very likely that in ap olysaccharide or glycoprotein a k 3 -coordinationt oo ne saccharide segment complemented by coordination of an additional O-donor site can facilitate irreversible Be 2 + ion binding. This additional ligation site is very likely ah ydroxy group or ac arboxylate [35] since these proved to be distinctly superior to oxygen atoms of glycosidic bonds.
Complexes 9b and 9c with deprotonated triol 8 are formed only when this ligand is reacted with BeCl 2 and Be at forcing conditions. To gether with compounds 2a and 2b these multinuclear complexes reveal the frequent formation of Be-O heterocycles. Even though the beryllium ion concentration in the body is expected to be low,i ts houldn ot be excluded that the actual causeo fb eryllium associatedd iseases is the formation of polynuclear Be-complexes inside proteins and glycans, considering the long latency times. It should be mentioned that the [Be 4 O] 6 + core has already been suggested as ap otential key agent in chronic beryllium disease. [47] Neither in solutionn or in the solid state was Be 2 + non-tetrahedrally surrounded. Therefore, we are confident that Be 2 + cations are exclusively coordinated in at etrahedral environment in vivoa nd this should be taken into account in the search for potentialb eryllium binding sites and in the development of beryllium selectivel igands.
Furthermore, the formation of 2a, 2b, 9b,a nd 9c through HCl cleavage in the absence of base, demonstratest hat beryllium coordinated chelatinga lcohols can act as potent Brønstedt acids. This, in addition with the observed Lewis acid related decomposition of monosaccharides also suggestst hat, upon inclusion into glycoproteinso rp olysaccharides, beryllium ions can induce alterations of these biomolecules. When Li + ,M g 2 + ,A l 3 + ,a nd Zn 2 + were reacted with 1b and 1a none of them showedt he same coordination behavior towards the diols compared to Be 2 + and only Al 3 + matched the reactivity and charge to ion radius ratio of Be 2 + .M oreover,a tetrahedral coordinationa round these metal ions was never achieveda se vident from compounds 10 a-d.T his is an important aspectf or ap otential substitution of berylliumi ni nv ivo experiments, since the above mentioned metal ions, which best match the ratio of ion radius and charge of Be 2 + ,a re not suitablef or this purpose. Consequently,t ou nderstand how beryllium affects macromolecules, it cannotb es ubstituted by other metals.
Experimental Section General
The Supporting Information contains detailed experimental procedures, analytical data, tables with crystallographic details, and NMR and IR coordination shifts as well as selected NMR and IR spectra. CCDC 1939419, 1939420, 1939421, 1939422, 1939423, 1939424, 1939425, 1939426, 1939427, 1939428, and 1939429 contain the supplementary crystallographic data for this paper.T hese data are provided free of charge by The Cambridge Crystallographic Data Centre.
